In this paper, we report optical characteristics of an organic single crystal oligomer 5,5 -diphenyl-2,2 :5 ,2"":5",2 :5 ,2 -quinquethiophene (P5T). P5T crystal is a thiophene/phenylene co-oligomer that possesses better charge mobility as well as photoluminescence quantum efficiency (PLQE) as compared to other organic materials. Stimulated emission in P5T is investigated via amplified spontaneous emission (ASE) measurements within broad pump energies ranging from 35.26 to 163.34 µJ/cm 2 . An Nd-YAG femtosecond-tunable pulsed laser is used as a pump energy source for the ASE measurements of P5T crystals at an excitation wavelength of 445 nm. The ASE spectra exhibit optical amplification in P5T crystals at a 625 nm peak wavelength with a lower threshold energy density (E th ) ≈ 52.64 µJ/cm 2 . P5T also demonstrates higher optical gain with a value of 72 cm −1 , that is calculated by using the variable stripe-length method. The value of PLQE is measured to be 68.24% for P5T. This study proposes potential applications of P5T single crystals in organic solid state lasers, photodetectors, and optical amplifiers.
Introduction
Organic semiconductors have received significant attention from researchers and scientists due to their potential applications in various electronic and optoelectronic devices such as organic light emitting diodes (OLEDs) [1] [2] [3] , organic light emitting field effect transistors (OLEFETs) [4, 5] , organic photovoltaics (OPV) [6, 7] , and organic field effect transistors (OFETs) [8, 9] . A few of the interesting characteristics of organic semiconductors are their low cost, low temperature processability, light weight, mechanical flexibility, and solubility in various organic solvents [10] [11] [12] . Most of the organic semiconductors are either amorphous or polycrystalline, due to which they have usually lower charge carrier mobility as compared to inorganic semiconductors. Therefore, the charge mobility in organic materials needs to be improved [13] for its potential applications in high performance devices such as OLEDs, photodetectors, and solid state lasers. One of the characteristics that can enhance charge mobility is the purity and crystal nature of the semiconductor materials [14] . However, a particular class 2 of 10 of organic copolymers and co-oligomers demonstrates molecular crystal structure with a higher charge mobility as compared to other organic materials [15] . Such crystalline organic materials are the best alternatives to the most expensive and highest temperature-processed inorganic semiconductors [16] .
Amongst the organic copolymers, thiophene/phenylene copolymers are made of thiophene and benzene rings in-line as backbone, which possesses higher charge mobility, is single-crystal in nature, and has high potential for optoelectronic devices [15, 17] . Because of these extraordinary properties, thiophene/phenylene copolymers demonstrate spectrally narrow emissions, when optically pumped, and also are the best candidates for OLEFETs [18] . Hence, it is the periodic order of molecules in these thiophene/phenylene copolymer crystals that is responsible for the improved physical properties and makes them perfect for promising device applications [15, 19] . They offer remarkable performance in metal-free lasing mode which reduces the quenching effect as reported by De Villers [20] [21] [22] .
Optical gain has been studied in many organic semiconductors such as methyl-substituted ladder-type poly(p-phenylene) (MeLPPP), polyfluorine derivatives, and poly(p-phenylene-vinylenes) (PPVs) [23, 24] . The materials, which demonstrate amplified spontaneous emission (ASE), can produce a laser if the proper resonator is applied and enough thickness of film is available to sustain waveguide modes. The ASE occurs when a film/material is optically excited by a short light pulse beyond its threshold energy and, consequently, a remarkable contraction of the emission spectrum is observed. ASE is a direct technique to study the photophysics of active materials and also identify controlling factors for optical gain [25, 26] . Under the quest for exploring more suitable organic semiconductors for solid state lasers, OFETs, and OLEDs, a plethora of organic materials has been researched by optimizing the thickness of the active film, optical pumping-wavelength, charge mobility, and morphology etc. [27] . However, thin films based on single crystals with highly regular arrangements of molecules reveal promising optoelectronic and photonic properties. Furthermore, single crystal semiconductors offer outstanding photonic properties, for instance, self-wave guided photoemission, and high internal as well as photoluminescence quantum efficiency (PLQE) [28] .
Among the thiophene/phenylene co-oligomer single crystals, 5,5 -diphenyl-2,2 :5 ,2":5",2 :5 ,2 -quinquethiophene (P5T) is an oligomer single crystal that possesses interesting photonic, electronic, and optoelectronic properties which make it one of the best candidates for OLEDs, OFETs, and solid state lasers [18] . P5T has essentially enhanced charge transport properties due to its strong intermolecular forces produced by sulphur as compared to nonsulphur molecules. Usually, a longer thiophene chain shows higher luminescence performance as well as a broad spectrum adjustability [29] . Apart from this, better performance has been observed in the organic semiconductor single crystals as compared to polycrystalline and/or amorphous materials. For example, in OFET configurations, higher charge carrier mobilities up to 40 cm 2 /V.s were observed [30] while better results in polarized emissions and laser oscillations have also been reported [31] .
In this work, we study P5T crystal deposited on quartz glass (P5T/glass) as a wave-guide medium and for optical amplification through ASE measurements and optical gain characteristics. The ASE threshold energy and photoluminescence quantum efficiency (PLQE) measurements of P5T are also performed. The value of optical gain is calculated by the stripe-length method.
Experimental Works
The single crystals of P5T were obtained on quartz glass according to the scheme reported elsewhere [15, 32] . The molecular weight of P5T was 564.83 g/mol whereas the molecular structure and its crystals' actual images are shown in Figure 1a ,b, respectively. The images were obtained by using a NIKON ELIPSE LV100POL microscope (Nikon Instruments Europe BV, Amsterdam" Netherlands) with an attached mercury (Hg) lamp. For ASE measurements, a 3-dimensional stage was used where the P5T/quartzglass sample was fixed on sample holder. For optical excitation, a 445 nm wavelength was shone on the P5T crystal from a tuneable pulsed laser source (EKSPLA NT342 B-SH) of Neodymium Yttrium Aluminum Garnate (Nd:YAG) having a repetition rate of 10 Hz with a pulse duration of 5 ns.
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Results
The PL spectra measurements of the P5T crystal were carried out to study the stimulated emission. A pumping wavelength of 445 nm was been used to excite the P5T crystal. The emission spectra were measured at different energies (from 35.26 µJ/cm 2 to 163.34 µJ/cm 2 ) where the spectral lines narrowing effect could be observed as the energy was increased from lower to higher as shown in Figure 3 . This narrowing of spectral lines designates the presence of ASE and optical gain in the P5T crystal. The spontaneous emission amplification occurred at peak intensity at 625 nm emission wavelength. Besides from the line narrowing effect, the output intensity was also increased. Each spectrum in Figure 3 is labeled with the corresponding energy. 
The PL spectra measurements of the P5T crystal were carried out to study the stimulated emission. A pumping wavelength of 445 nm was been used to excite the P5T crystal. The emission spectra were measured at different energies (from 35.26 µJ/cm 2 to 163.34 µJ/cm 2 ) where the spectral lines narrowing effect could be observed as the energy was increased from lower to higher as shown in Figure 3 . This narrowing of spectral lines designates the presence of ASE and optical gain in the P5T crystal. The spontaneous emission amplification occurred at peak intensity at 625 nm emission wavelength. Besides from the line narrowing effect, the output intensity was also increased. Each spectrum in Figure 3 is labeled with the corresponding energy. The spectral lines' narrowing and ASE phenomenon is also evident from the full width half maximum (FWHM) curves plotted against the pump energy density, as shown in Figure 4 . The FWHM is getting decreased as the excitation energy is increasing. The trend of decrease of the FWHM is Crystals 2019, 9, 609 5 of 10 weaker at low excitation energies between 35.26-52 µJ/cm 2 , however, as the pumping energy was further increased beyond 52 µJ/cm 2 there was an approximately linear and dominant shift in the FWHM towards a narrowing effect. This linear and rapid narrowing is due to the supply of pumping energy above the threshold energy (E th ) required for optical amplification and stimulated emission in the P5T crystal. The spectral lines' narrowing and ASE phenomenon is also evident from the full width half maximum (FWHM) curves plotted against the pump energy density, as shown in Figure 4 . The FWHM is getting decreased as the excitation energy is increasing. The trend of decrease of the FWHM is weaker at low excitation energies between 35.26-52 µJ/cm 2 , however, as the pumping energy was further increased beyond 52 µJ/cm 2 there was an approximately linear and dominant shift in the FWHM towards a narrowing effect. This linear and rapid narrowing is due to the supply of pumping energy above the threshold energy (Eth) required for optical amplification and stimulated emission in the P5T crystal. Figure 5 demonstrates the output intensity at the peak emission wavelength (625 nm) as a function of the pumping/excitation energy. Figure 5 is plotted by using data from the Figure 3 where at different excitation energies there are corresponding curves which all peak at 625 nm. Figure 5 shows that when the pumping/excitation energy is increased the output intensity is also increased, however, at a particular energy, the output intensity shows a notable increase in the slope. This particular pumping intensity is known as the "threshold energy (Eth)" [34] . The value of Eth can also be obtained from the curves showing the emission line width of FWHM versus pumping intensity [35] . The ASE threshold energy "Eth" is extracted from Figure 5 and is found to be 52.64 µJ/cm 2 for the P5T crystal, which is smaller (better) than many organic semiconductors [29] . Figure 5 demonstrates the output intensity at the peak emission wavelength (625 nm) as a function of the pumping/excitation energy. Figure 5 is plotted by using data from the Figure 3 where at different excitation energies there are corresponding curves which all peak at 625 nm. Figure 5 shows that when the pumping/excitation energy is increased the output intensity is also increased, however, at a particular energy, the output intensity shows a notable increase in the slope. This particular pumping intensity is known as the "threshold energy (E th )" [33] . The value of E th can also be obtained from the curves showing the emission line width of FWHM versus pumping intensity [34] . The ASE threshold energy "E th " is extracted from Figure 5 and is found to be 52.64 µJ/cm 2 for the P5T crystal, which is smaller (better) than many organic semiconductors [28] . The variable stripe-length (VSL) method was used to measure the optical gain in P5T. In this method, the pumping energy above the Eth was provided to the sample whereas length of the sample exposed to the pumping wavelength (445 nm) was varied slowly and the output intensity was collected at the edge of the sample. Hence, the output intensity was characterized as a function of the stripe-length. If the PL was measured as a function of the incident intensity, then line narrowing occurred at the peak gain wavelength and ASE was confirmed. If ASE was achieved at short stripe-lengths, the spectrum would have been broad, and as the excitation length increased the spectrum would have got narrow. The output intensity depends exponentially on stripe-length which is given by equation (1) [36] . By the VSL method, stripe-length vs. output intensity curves of P5T is shown in Figure 6 ,
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where A(λ) is a constant related with the cross-section for spontaneous emission, I p is the incident intensity, g(λ) is the gain coefficient, and l is the length of the targeted stripe. The net g(λ) was calculated by fitting the curves shown in Figure 6 to the expected dependence for ASE in the small-signal regime. When the excited stripe does not affect the emission width then super-fluorescence and bi-excitonic emissions are the mechanisms that are responsible for line narrowing, and the output intensity linearly increases with the excited stripe. The value of g(λ) measured for the P5T crystal was 72 cm −1 which is much better than those measured for other organic materials, such as 22 cm −1 for poly-(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT), 13 cm −1 for oligo-(p-phenylenevinylene), and 16 cm −1 for N,N -bis(3-methylphenyl)-N,N -diphenylbenzidine (TPD) [33, 36] . The large value of g(λ) suggests the potential of P5T crystals for potential applications in optical amplifiers, solid state lasers, OLEFETs, and OLEDs. One of the important parameters for photonic materials is the PLQE that justifies the potential of a material for light emitting and laser applications. Figure 7 shows the PLQE measurements of the P5T crystal that exhibits a higher value of 68.24% than other organic semiconductors such as polyfluorene (PFO) and poly-(2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV), which have PLQE values of 51.6% and 6.8%, respectively [38] . This suggests that P5T is to be effectively used for its potential applications in oligomer-based lasers and OLEFETs. One of the important parameters for photonic materials is the PLQE that justifies the potential of a material for light emitting and laser applications. Figure 7 shows the PLQE measurements of the P5T crystal that exhibits a higher value of 68.24% than other organic semiconductors such as polyfluorene (PFO) and poly-(2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV), which have PLQE values of 51.6% and 6.8%, respectively [37] . This suggests that P5T is to be effectively used for its potential applications in oligomer-based lasers and OLEFETs. One of the important parameters for photonic materials is the PLQE that justifies the potential of a material for light emitting and laser applications. Figure 7 shows the PLQE measurements of the P5T crystal that exhibits a higher value of 68.24% than other organic semiconductors such as polyfluorene (PFO) and poly-(2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV), which have PLQE values of 51.6% and 6.8%, respectively [38] . This suggests that P5T is to be effectively used for its potential applications in oligomer-based lasers and OLEFETs. 
Conclusions
In this paper, a thiophene/phenylene co-oligomer single crystal, P5T, has been studied for optical amplification, optical gain, and PLQE measurements. The ASE spectra of P5T crystal were studied within a pump energy range from 35.26 to 163.34 µJ/cm 2 at an excitation wavelength of 445 nm using a femtosecond-pulsed ND-YAG laser. The threshold energy "E th " for the P5T crystal was calculated from the ASE measurements by plotting pump energy as a function of output intensity, and was found to be 52.64 µJ/cm 2 . The P5T demonstrated a better and smaller value of E th for optical amplification and stimulated emission as compared to other organic semiconductors. The optical gain was studied by a VSL technique and the measured value was 72 cm −1 for P5T. A high value of PLQE, i.e., 68.24%, was observed for the crystal. This study endorses the P5T single crystal for its potential use in high performance OLEDs, optical amplifiers, and organic solid state lasers. 
